The pro-angiogenic endothelial fatty acid-binding protein 4 (FABP4) is regulated by VEGFA. Results: VEGFA-induced FABP4 was dependent on Delta-like ligand4 (DLL4)-NOTCH signaling and FOXO1. Conclusion: DLL4-NOTCH together with Foxo1 are key regulators of FABP4. Significance: The results link NOTCH and angiogenic signaling directly to FABP4 induction and potentially to FABP4mediated fatty acid metabolism and may provide a bypass mechanism for anti-VEGFA therapy. 3 The abbreviations used are: VEGFA, vascular endothelial growth factor A; HUVEC, human umbilical vein endothelial cell; NICD, NOTCH intracellular domain; DBZ, dibenzazepine; rhDLL4, recombinant human DLL4; PPAR, peroxisome proliferator-activated receptor; IP, immunoprecipitation. AUGUST 15, 2014 • VOLUME 289 • NUMBER 33 JOURNAL OF BIOLOGICAL CHEMISTRY 23169 FIGURE 7. Regulation of FABP4 is dependent on FOXO1. HUVECs were growth factor-starved and stimulated with BSA or VEGFA (50 ng/ml) (A) or grown on BSA-or DLL4-coated (BSAc or DLL4c) (B and C) and were transfected with siRNA targeting FOXO1 (siFOXO1) or scrambled siRNA (control ϭ ctr). Cells were harvested after 48 h and analyzed for mRNA expression of FOXO1 and FABP4 (A and B) and protein expression of DLL4, FOXO1 and FABP4 (C).
Fatty acid-binding protein 4 (FABP4) is an adipogenic protein and is implicated in atherosclerosis, insulin resistance, and cancer. In endothelial cells, FABP4 is induced by VEGFA, and inhibition of FABP4 blocks most of the VEGFA effects. We investigated the DLL4-NOTCH-dependent regulation of FABP4 in human umbilical vein endothelial cells by gene/protein expression and interaction analyses following inhibitor treatment and RNA interference. We found that FABP4 is directly induced by NOTCH. Stimulation of NOTCH signaling with human recombinant DLL4 led to FABP4 induction, independently of VEGFA. FABP4 induction by VEGFA was reduced by blockade of DLL4 binding to NOTCH or inhibition of NOTCH signal transduction. Chromatin immunoprecipitation of the NOTCH intracellular domain showed increased binding to two specific regions in the FABP4 promoter. The induction of FABP4 gene expression was dependent on the transcription factor FOXO1, which was essential for basal expression of FABP4, and FABP4 up-regulation following stimulation of the VEGFA and/or the NOTCH pathway. Thus, we show that the DLL4-NOTCH pathway mediates endothelial FABP4 expression. This indicates that induction of the angiogenesis-restricting DLL4-NOTCH can have pro-angiogenic effects via this pathway. It also provides a link between DLL4-NOTCH and FOXO1-mediated regulation of endothelial gene transcription, and it shows that DLL4-NOTCH is a nodal point in the integration of pro-angiogenic and metabolic signaling in endothelial cells. This may be crucial for angiogenesis in the tumor environment.
Fatty acid-binding protein 4 (FABP4) facilitates the compartmental distribution of fatty acids inside the cell. Processes regulated by FABP4 are various and not restricted to one cell type.
They include nuclear translocation of fatty acids and regulation of transcription in adipocytes and macrophages, protein-protein interaction and regulation, as well as transcellular transport of fatty acids and feeding of adjacent tissues such as tumor tissue (1) (2) (3) .
Increased plasma levels of FABP4 are positively associated with atherosclerosis, diabetes, and endothelial dysfunction (1, 4, 5) . For instance, exogenous FABP4 interferes with insulinstimulated production of nitric oxide in endothelial cells, thereby interfering with vasodilatory functions and demonstrating a causative role in the development of insulin resistance (6) .
Endothelial FABP4 production is up-regulated in response to the angiogenic growth factor VEGFA (7) . Gene expression studies suggest that FABP4 in response to VEGFA 3 promotes integral signaling pathways such as p38, endothelial nitric-oxide synthase, and c-kit (8) . Down-regulation of FABP4 reduces endothelial cell proliferation, migration, and sprouting in response to VEGFA. These are processes required for blood vessel formation (7, 8) .
The Delta-like ligand (DLL)4-NOTCH signaling pathway limits the endothelial response to VEGFA and counteracts excessive blood vessel formation, for example in tumor tissue. VEGFA binding to the VEGF receptor 2 on endothelial cells leads to increased DLL4 on the cell surface. DLL4 is a ligand for the NOTCH receptor on adjacent cells. DLL4-NOTCH binding induces intracellular proteolytic cleavages of the NOTCH receptor by ADAM10 and ADAM17 and by presenilin/␥-secretase. NOTCH intracellular domain (NICD) is released and translocates to the nucleus to regulate gene transcription in a complex with other transcription factors such as the DNA binding and NOTCH-responsive recombination signal binding protein for immunoglobulin J region (RBPJ).
Gene transcription effects of the NICD transcription factor complex include induction of Hairy/Enhancer of split (HES) and HES-related genes (HEY, CHF, HRT, and HESR), DLL4, and VEGF receptor 1 and suppression of VEGF receptor 2, which ultimately limits the response to VEGFA and amplifies NOTCH signaling across the endothelial cell layer. Therefore, the balance of expression of the VEGFA and/or NOTCH receptors and of the respective downstream signaling is a fine-tuning of the angiogenic response toward outside cues.
Increased DLL4-NOTCH signaling generates resistance to anti-VEGFA therapy in tumor xenografts (9) but is also indicated in the development of atherosclerosis, insulin resistance, and fat accumulation (10) .
In this study, we show that DLL4-NOTCH directly regulates FABP4 gene expression, by binding of NICD to specific regions of the FABP4 promoter. The FABP4 response to VEGFA is dependent on the NOTCH pathway, as inhibition of DLL4 binding to NOTCH and inhibition of NOTCH cleavage leads to FABP4 reduction in response to VEGFA. Furthermore, DLL4-NOTCH-induced FABP4 is dependent on the insulin-responsive FOXO1 transcription factor, providing a nodal point for the integration of angiogenic and metabolic signaling.
EXPERIMENTAL PROCEDURES
Drugs-Drugs used were the ␥-secretase inhibitor dibenzazepine (Sigma), the ADAM17 inhibitor INCB004298 (Incyte), the ADAM17/10 inhibitor INCB003619 (Incyte), and the AKT inhibitor X (AKTiX, Sigma). The DLL4 blocking antibody was from Genentech.
Cell Culture-Human umbilical vein endothelial cells (HUVECs) were cultured in endothelial basal medium 2 with supplements (EGM2) (Lonza) in incubators at 37°C and atmosphere at 5% CO 2 . To activate DLL4-NOTCH signaling by recombinant human DLL4 (rhDLL4, R & D Systems), tissue cultureware was coated with 1 g/ml rhDLL4 or 1 g/ml BSA (Sigma) in 0.2% gelatin in PBS for 16 h at 4°C. HUVECs were seeded on pre-warmed coated tissue cultureware and grown for 16 -48 h. To stimulate HUVECs with VEGFA, HUVECS were cultured in endothelial basal medium with 2% FCS, without supplements, for 16 h prior to addition of VEGFA. Recombinant human VEGFA (Invitrogen) or BSA was added at 50 ng/ml, and HUVECs were grown for 24 -48 h.
Western Blot Analysis-Western blot analysis was performed using the Novex NuPAGE SDS-PAGE gel system and semidry blotter (Invitrogen), according to the manufacturer's protocols. Band densitometry analysis was performed using the ImageQuant TL software (GE Healthcare).
RNA Isolation and cDNA Synthesis-RNA isolation was performed using the TRIzol method, according to the manufacturer's protocols. cDNA synthesis was performed using the High Capacity cDNA RT kit (Applied Biosystems), according to the manufacturer's protocols.
Chromatin Immunoprecipitation (ChIP)-ChIP was performed using the EZ-ChIP TM -chromatin immunoprecipitation kit (Millipore) according to the manufacturer's protocol. Briefly, 2.5 ϫ 10 6 cells were plated on BSA-or rhDLL4-coated 150-mm dishes, using two dishes per condition to obtain sufficient cell numbers, while remaining at 50 -70% cell confluence to reduce cell-cell contact-induced Notch signaling. After 16 h in media with or without DBZ, cells were trypsinized and counted. For each condition, 5 ϫ 10 6 cells were cross-linked in 1% paraformaldehyde for 10 min. Glycine was added to quench unreacted paraformaldehyde. Cells were washed in ice-cold PBS containing protease inhibitors and lysed in the supplied SDS-lysis buffer at 1 ϫ 10 7 cells per ml. To shear cellular DNA into 200 -1000 bp, samples were sonicated in 100-l aliquots containing 1 ϫ 10 6 cells, for 12 cycles of 30-s pulses at high power, using the Bioruptor Plus (Diagenode). An aliquot of each of the samples was taken and used as input for normalization purposes. Immunoprecipitation was performed overnight at 4°C, using a NOTCH1 (D1E11) antibody (Cell Signaling Technology) dilution of 1:100 or rabbit IgG (Cell Signaling technology) as a negative control. Antibody-antigen-DNA complexes were collected with protein G-agarose and eluted using appropriate buffers as provided. After cross-link reversal and DNA purification, the samples were analyzed by quantitative real time PCR using the primers indicated below. Raw C t values were analyzed using the percent input method. C t values obtained from the ChIP samples were divided by C t values obtained from the appropriate input samples (1% of the starting chromatin), using the formula 100 ϫ 2 ((C t input Ϫ log2(100)) Ϫ C t IP) to obtain percent input values (% input). The obtained percent input values were then divided by the percent input values of the control condition (BSAc with DMSO as vehicle control) of the respective gene promoter region to obtain fold changes.
Antibodies for Western Blot Analysis-Anti-DLL4 (rabbit), anti-phosphorylated AKT (serine 473, rabbit), anti-total AKT (rabbit), and anti-FOXO1 (rabbit) were purchased from Cell Signaling Technology. Anti-FABP4 (rabbit) was purchased from Sigma (Prestige). Anti-ADAM17 (rabbit) and anti-ADAM10 (rabbit) were purchased from ProSci Inc. and Abcam, respectively. Monoclonal anti-␤-actin-peroxidase (Sigma) was used to control for protein loading. Anti-rabbit HRP (DAKO) was used as a secondary antibody.
Quantitative Real Time PCR and Primer Sequences-Quantitative real time PCR was performed using the SensiFAST TM SYBR No-ROX kit (Bioline) according to the manufacturer's protocols. Raw C t values were analyzed using the 2(Ϫ⌬⌬ C t ) method and normalized to the housekeeping gene ACTB. The normalized expression values of each gene of interest were then divided by the normalized gene of interest expression value of the respective control condition to obtain fold changes. Primer sequences used for analysis of mRNA expression were synthesized by Invitrogen and as follows: FABP4 (forward 5Ј-GCGA-ACTTCAGTCCAGGTCAAC-3Ј and reverse 5Ј-ACGAGAG-GATGATAAACTGGTGG-3Ј); DLL4 (forward 5Ј-CCCTGG-CAATGTACTTGTGAT-3Ј and reverse 5Ј-TGGTGGGTGC-AGTAGTTGAG-3Ј); HEY1 (forward 5Ј-CGAGCTGGACGA-GCCCAT-3Ј and reverse 5Ј-GGAACCTAGAGCCGAACTC-A-3Ј); PPAR␥ (forward 5Ј-GACAGGAAAGACAACAGACA-AATC-3Ј and reverse 5Ј-GGGGTGATGTGTTTGAACTTG-3Ј); FOXO1 (forward 5Ј-TGGACATGCTCAGCAGACATC-3Ј and reverse 5Ј-CTTGGGTCAGGCGGTTCA-3Ј); and ACTB (forward 5Ј-GAGGAGGCACCGGTAAATG-3Ј and reverse 5Ј-GTCACTCACTGGGACATAGGC-3Ј). Primer sequences used for detection of immunoprecipitated DNA sequences were synthesized by Invitrogen and as follows: DLL4 promoter (forward 5Ј-GACGCTTAGCTTGGCCTGGAGCTG-3Ј and reverse 5Ј-TGTGTAAAATACAGGAAGGGGCCCGTCAG-T-3Ј) (11); HEY1 promoter (forward 5Ј-AATTCAGCGGCGC-GAGA-3Ј and reverse 5Ј-CTCACGCTTTGCCTCTGGTTA-3Ј, from Ohnuki et al. (12) ); FABP4 R-F1 (forward 5Ј-TTTTG-CAGCAACATAGGTGAA-3Ј and reverse 5Ј-ACCTTCCCA-CCTTTTGGAGT-3Ј); FABP4 R-2 (forward 5Ј-GAGACTCC-AAAAGGTGGGAAG-3Ј and reverse 5Ј-CTCCCAAAGTGC-TGGGATTA-3Ј); and UBC (forward 5Ј-TTGCTGGCAAAT-ATCAGACG-3Ј and reverse 5Ј-GCAAGACCATCACC-CTTGAG-3Ј).
RNA Interference-Transfection of siRNA duplexes was performed using Lipofectamine RNAiMax (Invitrogen) according to the manufacturer's protocols. ON-TARGETplus SMARTpool targeting FOXO1 (Dharmacon) was used, and the ON-TARGETplus nontargeting pool (Dharmacon) was used as a control. siRNAs were used at a final concentration of 20 nM.
Statistical Analysis-Results are expressed as the mean Ϯ S.D. of at least three independent experiments. Statistical analysis was performed by analysis of variance with the Bonferroni post hoc test unless stated otherwise. p Ͻ 0.05 was considered statistically significant.
RESULTS

DLL4-NOTCH Signaling Is a Regulator of FABP4 mRNA and
Protein-Preliminary analysis of mRNA expression arrays of immortalized human endothelial microvascular endothelial cells overexpressing DLL4 showed a 1.6-fold up-regulation of FABP4. We validated DLL4-NOTCH-dependent FABP4 expression in primary HUVECs. To induce NOTCH signaling, HUVECs were grown on plates coated with rhDLL4 protein (DLL4c) or BSA (BSAc) for 16 -48 h and analyzed for mRNA and protein expression of FABP4. FABP4 Expression in Response to DLL4-NOTCH Is Down-regulated by ␥-Secretase Inhibition and Oxygen Deprivation-Because FABP4 has been reported to be regulated by VEGFA (7) , and oxygen deprivation strongly induces VEGFA signaling, we investigated FABP4 expression in HUVECs at 21, 1, or 0.1% oxygen, in response to DLL4-NOTCH stimulation. Additionally, to assess NOTCH-dependent regulation, HUVECs were treated with the ␥-secretase inhibitor DBZ. Protein expression of DLL4 and FABP4 are shown in Fig. 2A . Band densitometry analysis of FABP4 relative to the loading control is shown in Fig.  2B . DLL4-NOTCH signaling in HUVECS stimulated with DLL4c up-regulated FABP4 at 21% and 1% oxygen. FABP4 in response to DLL4-NOTCH signaling was reduced at 1% oxygen and further reduced at 0.1% oxygen, compared with 21% oxygen (Fig. 2, A and B) . DBZ reduced FABP4 induction in response to DLL4-NOTCH at 21 and 1%, indicating a DLL4-NOTCH-dependent regulation of FABP4 in normoxic and hypoxic conditions (Fig. 2, A and B) .
Inhibition of DLL4-NOTCH Binding by a DLL4 Blocking
Antibody Reduces FABP4 Induction by VEGFA-Next, we investigated whether DLL4-NOTCH was required for FABP4 
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induction by VEGFA. To investigate the requirement of DLL4 binding to NOTCH for induction of FABP4, HUVECs were treated with a DLL4-blocking antibody (anti-DLL4) at 1 g/ml to prevent DLL4 from binding to the NOTCH receptor in the presence of VEGFA or BSA. DLL4 and FABP4 mRNA induction in response to VEGFA was significantly down-regulated by treatment with anti-DLL4 ( Fig. 3) . These results indicate that induction of NOTCH signaling in response to VEGFA is dependent on DLL4-NOTCH binding and signal transduction and that FABP4 induction in response to VEGFA is dependent on DLL4-NOTCH signaling.
VEGFA-induced FABP4 Is Down-regulated by ␥-Secretase Inhibition-Based on the previous results indicating that FABP4 was dependent on DLL4-NOTCH, VEGFA-stimulated HUVECs were treated with DBZ to inhibit NOTCH cleavage, and FABP4 expression was monitored. FABP4 protein and mRNA were up-regulated by VEGFA. This up-regulation was significantly reduced by DBZ treatment, indicating that VEGFA-mediated FABP4 induction was through activation of DLL4-NOTCH signaling (Fig. 4, A and B) . DLL4 protein expression in response to VEGFA was down-regulated by DBZ (Fig. 4B) , and VEGFA-mediated up-regulation of DLL4 and HEY1 mRNA was sensitive to DBZ treatment (Fig. 4C ). The previously reported DLL4-NOTCH target PPAR␥, an inducer of FABP4, was not significantly up-regulated by VEGFA (Fig,  4C) . Thus, VEGFA leads to DBZ-sensitive induction of canonical NOTCH targets and FABP4 mRNA and protein.
Inhibition of ADAM10 and ADAM17 Reduces FABP4 Induction by VEGFA-VEGFA has been reported to induce activation of ADAM10 and ADAM17 and thereby regulate the shedding of VEGF receptor 2, neuropilin1, and several other receptors (13) . ADAM10 and ADAM17, required for NICD release following DLL4-Notch binding, are expressed as inactive enzyme precursors (premature form), and removal of the prodomains results in maturation or activation of the enzymes (14) . To investigate whether the mechanism of VEGFA-mediated NOTCH signaling induction is related to increased activation of ADAM10 and/or ADAM17 and thus increased NOTCH cleavage, the premature versus mature forms of ADAM10 or ADAM17 were analyzed in HUVECs treated with VEGFA. VEGFA treatment did not lead to increased maturation of ADAM10 or ADAM17 (Fig. 5A) , and band densitometry anal-ysis did not show a significant change in the ratio of the premature (pADAM) and mature form (mADAM) of ADAM10 or ADAM17 (Fig. 5B ). This indicated that increased activity of ADAM10 or ADAM17 is not responsible for increased NOTCH signaling in response to VEGFA.
Because basal activities of ADAM17 and ADAM10 are required for NICD release and transduction of NOTCH signaling, we tested whether VEGFA-induced FABP4 was dependent on ADAM17 and ADAM10 activity. For this, VEGFA-stimulated HUVECs were treated with the ADAM17 inhibitor INCB4298 or the ADAM17/10 inhibitor INCB3619. DLL4 and FABP4 mRNA expressions in response to VEGFA were significantly down-regulated by ADAM17 or ADAM17/10 inhibitor treatment (Fig. 5B ). This shows that basal activities of ADAM10 and especially ADAM17 are required for NOTCH signaling and FABP4 induction in response to VEGFA.
AKT Inhibition Increases FABP4 Expression-Elmasri et al. (7) reported that FABP4 expression in response to VEGFA was dependent on the mammalian target of the rapamycin complex 1 (MTORC1) pathway, inhibition of which can inhibit a negative feedback loop to AKT kinase (15) . Because FABP4 gene expression was repressed in gene expression microarrays of HUVECs overexpressing AKT (16), we hypothesized that the FABP4 expression was sensitive to changes of AKT activity. To investigate this hypothesis, HUVECs stimulated with DLL4c or BSAc were treated with AKT kinase inhibitor X (AKTiX) and analyzed for protein expression of FABP4 and the effect on AKT phosphorylation (Fig. 6A ). Furthermore, band densitometry analysis was performed on FABP4, compared with the loading control, and on phosphorylated AKT, compared with total levels of AKT (Fig. 6B ). Statistical analysis showed an overall significant change of AKT phosphorylation, and FABP4 expression, in response to the treatments (Friedman test p Ͻ 0.05 for phospho-AKT, p Ͻ 0.01 for FABP4, and Dunn's post AUGUST 15, 2014 • VOLUME 289 • NUMBER 33
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hoc test not significant). AKTiX treatment leads to a consistent decrease of AKT phosphorylation in BSAc-treated and DLL4ctreated HUVEC. We observed that DLL4c treatment itself leads to a slight decrease of AKT phosphorylation. AKTiX treatment leads to a consistent increase of FABP4 expression compared with DMSO in BSAc-or in DLL4c-stimulated cells. These results indicate that the regulation of FABP4 is dependent on the phosphorylation status of AKT and that increased AKT phosphorylation and activity are possible mechanisms of FABP4 repression.
Regulation of FABP4 Downstream of VEGFA or Direct DLL4-NOTCH Activation Is Dependent on FOXO1-Activation of AKT signaling leads to phosphorylation of the forkhead transcription factor FOXO1 and renders FOXO1 inactive by trapping it in the cytoplasm (17) . Gene expression microarray studies in HUVECs indicated that AKT and FOXO1 regulate FABP4 in a reciprocal manner (16) , and FABP4 was shown to be regulated by FOXO1 in macrophages (18) . Therefore, we hypothesized that FOXO1 may be required for FABP4 tran-scription in HUVECs. We investigated FABP4 expression in BSA-or VEGFA-stimulated HUVEC (A) or in BSAc-or DLL4cstimulated HUVEC (B and C), treated with control or FOXO1 targeting RNAi (Fig. 7) . RNAi of FOXO1 led to Ͼ50% reduction of FOXO1 mRNA in BSA-, VEGFA-, BSAc-, or DLL4c-stimulated cells (Fig. 7, A and B) . FABP4 mRNA levels were significantly reduced by FOXO1 suppression to less than 20% in cells stimulated with BSA or VEGFA and BSAc or DLL4c (Fig. 7, A  and B) . FABP4 protein levels in response to DLL4c were repressed by FOXO1 RNAi (Fig. 7C) .
NICD Binds to Specific FABP4 Promoter Regions Adjacent to the FOXO1-binding Motif-In hepatic cells, there is evidence for a NOTCH-FOXO1 co-dependent mechanism of gene transcription (19, 20) . Our results showed that FOXO1 is required for FABP4 expression in response to DLL4-NOTCH in HUVECs. Therefore, we investigated the following: 1) whether the FABP4 gene promoter contains binding sites for the RBPJ-NICD complex in proximity to FOXO1-binding sites, and 2) whether NICD associates with RBPJ-binding sites to promote FABP4 gene transcription.
In the NICD transcription factor complex, NICD indirectly binds to DNA by associating with the co-factor RBPJ. Therefore, we searched the promoter region of FABP4 for RBPJ-and FOXO1-binding sites. The motifs were derived from Castel et al. and Fan et al. (21, 22) , respectively. The FABP4 gene promoter sequence (gi͉42516792) was searched for RBPJand Fig. 8B , an RBPJ-binding motif was present at Ϫ2097 bp, directly adjacent to a FOXO1-binding motif (in red). We referred to this region as RBPJ (R)-FOXO1 (F)-1 (R-F-1). Furthermore, there were RBPJ-binding motifs at Ϫ1935 bp (three adjacent repeats, referred to as R-2) and Ϫ1284 bp (three repeats, separated by several base pairs, referred to as R-3A, R-3B, and R-3C) (Fig. 8A) .
FOXO1-binding motifs and their variations. As highlighted in
We then investigated the regions R-F-1 and R-2 in more detail, because of their proximity to the FOXO1-binding motif. To control for the induction of NOTCH target genes in our assay, we also analyzed known RBPJ binding regions in the promoters of the NOTCH target genes DLL4 and HEY1 as positive controls and a region in the promoter of the UBC gene, which is not regulated by NOTCH, as a negative control.
To analyze the association of NICD to the predicted RBPJbinding sites, ChIP was performed in HUVECs stimulated with DLL4c or BSAc for 16 h and treated with or without DBZ or DMSO to inhibit NICD release and induction of NOTCH signaling. An antibody targeting NOTCH1 was used to detect NICD. According to the manufacturer's instructions, the antibody used here recognizes intracellular epitopes between 2400 and 2500 amino acids of human NOTCH1, and it does not detect the extracellular domain of NOTCH1 once it is cleaved by ADAM-like proteases. Rabbit IgG was used as a negative control.
NICD IP and rabbit IgG IP results are shown in one graph for each promoter region of interest (Fig. 8B) . The ChIP results of the regions of interests R-F-1 and R-2 are shown in the two upper panels. The ChIP results of the Notch target genes DLL4 and HEY1 are shown in Fig. 8B , middle two panels, and the results of the UBC gene are shown in Fig. 8B , lower panel.
ChIP of NICD showed increased binding to R-F-1 and R-2 in response to DLL4c stimulation, compared with BSAc, which was significantly reduced by DBZ treatment (Fig. 8B, upper  panels) . ChIP of NICD also showed increased binding to DLL4 and HEY1 promoter regions in DLL4c-stimulated HUVECs compared with BSAc, which was reduced by DBZ treatment (Fig. 8B, middle panels) . No increased binding of NICD to the UBC promoter in response to DLL4c stimulation was observed ( Fig. 8B, lower panel) . The IP with rabbit IgG showed no significant binding to any of the analyzed regions in response to DLL4c stimulation.
These findings show that NICD associates with RBPJbinding motifs in the FABP4 gene promoter, which are directly adjacent to a FOXO1-binding motif. These findings further indicate that FABP4 transcription is induced by NICD release and its association with the FABP4 promoter via RBPJ and that FABP4 is a target gene of the DLL4-NOTCH signaling pathway.
DISCUSSION
Previous studies by Elmasri et al. (7) have shown that FABP4 is induced by VEGFA and suggested an MTORC1-dependent regulatory axis. However, we have found that there are additional regulatory mechanisms of FABP4 induction. VEGFA acts indirectly by inducing DLL4, which then activates NOTCH signaling and initiates FABP4 gene transcription. FABP4 expression is sensitive to AKT activity. We suggest that an increase of AKT activity renders the transcription factor FOXO1 in the cytoplasm, preventing it from promoting FABP4 gene transcription. A proposed model of FABP4 regulation in endothelial cells is shown in Fig. 9 .
Inhibition of each step required for NOTCH signaling activation led to reduced induction of FABP4 expression in response to VEGFA. Additionally, inhibition of intracellular cleavage also led to reduction of NICD binding to two specific regions in the FABP4 promoter, consequently suggesting that DLL4-NOTCH signaling is a direct promoter of FABP4 gene transcription. Basal levels and VEGFA or DLL4-NOTCH-stimulated FABP4 were suppressed by FOXO1 knockdown. Thus, we identify that FOXO1 is crucial for maintaining FABP4 expression. This suggests a NOTCH and FOXO1 co-dependent regulation of FABP4.
FABP4 indirectly affects gene transcription by delivering free fatty acids to the nucleus, which serve as ligands for peroxisome proliferator-activated receptors PPARs and regulate gene transcription (1) . FABP4 also delivers fatty acids to other compartments of the cell such as the mitochondria for further utilization. Nieman et al. (3) have shown a role of FABP4 in omental ovarian cancer metastasis. FABP4 was required for increased fatty acid oxidation in ovarian cancer cells adjacent to the omentum and up-regulated in the adjacent adipocytes. FABP4 Ϫ/Ϫ mice injected with ovarian cancer cells had a smaller tumor burden with decreased microvessel density (3). Additionally, high FABP4 expression has been described in several cancers (23, 24) , indicating therapeutic relevance.
Elmasri et al. (7) suggested an MTORC1-p70S6 kinase-dependent positive regulation of FABP4. However, MTORC1-p70S6 kinase inhibition triggers a negative feedback mechanism, resulting in the activation of AKT signaling via IGF-1R/ PI3K signaling (25) , and also the activation of ERK (15) . Up-regulation of FOXO1-dependent gene transcription is a candidate mechanism for resistance to therapy targeting AKT and ERK in cancer (26) . In our study, AKT inhibition led to up-regulation of FABP4, and FABP4 was suppressed by FOXO1 knockdown. Thus, FABP4 expression induced by DLL4-NOTCH can be modulated by AKT, MTORC1, and ERK signaling pathways, which is important to consider in combination therapies.
It has been shown that FABP4 mediates VEGFA-dependent pro-angiogenic effects. FABP4 suppression inhibited VEGFAinduced proliferation, migration, and inhibited sprouting in the aortic ring model. Furthermore, it affected endothelial gene transcription, for example of stem cell factor/c-kit and endothelial nitric-oxide synthase (7, 8) . Our findings show that, paradoxically, a VEGFA target with pro-angiogenic features is downstream of angiogenesis-restricting NOTCH signaling. Therefore, up-regulation of FABP4 by increased DLL4-NOTCH and the resulting FABP4 pro-angiogenic effects may overcome effects of VEGFA inhibition in tumor tissue, and therefore result in therapy resistance. Endothelial FABP4 down-regulation in hypoxia may indicate that endothelial FABP4 function becomes significant in (re-)oxygenated areas, when growing tumor blood vessels become perfused and need maintenance. This stresses why a combination of DLL4 blockade and VEGFA inhibition may have additional therapeutic effects in tumor angiogenesis by blocking endothelial cell proliferation and differentiation.
FOXO1 and NOTCH have been shown to regulate hepatic gene transcription of gluconeogenic genes in a co-dependent manner, and both FOXO1-and RBPJ-binding sites were required for the induction of target genes. This study also linked NOTCH directly to insulin resistance (19) . Furthermore, atherosclerosis has been linked to aberrant NOTCH signaling and is responsive to therapeutic DLL4 blockade in vivo (10) . With regard to direct endothelial cell function, DLL4-NOTCH signaling restricts angiogenesis, and its up-regulation is a possible mechanism of resistance to anti-VEGFA therapy in tumors. The mechanism involves decreased cell proliferation, increased cell differentiation, and increased blood vessel size and perfusion, which can be reversed by treatment with a DLL4-blocking antibody (9) . FOXO1 limits migratory and sprouting angiogenesis (27) .
Our study suggests that DLL4-NOTCH and FOXO1 co-regulate gene transcription of FABP4 in endothelial cells. FABP4 regulation by NOTCH is a candidate mechanism for NOTCHdependent effects in metabolic disease such as insulin resistance, atherosclerosis, as well as tumor angiogenesis. It will be exciting to investigate the consequence of NOTCH-dependent mechanisms of FABP4 induction for fatty acid metabolism in tumor endothelial cells. As recent findings have established that endothelial glucose metabolism is critical for sprouting angiogenesis (28) , it is of relevance to investigate whether NOTCH and FOXO1 are co-regulators of endothelial gene transcription and fatty acid metabolism and whether that is a main pathway for controlling sprouting angiogenesis in development and disease.
In summary we show that FABP4 induction by VEGFA is through a DLL4-NOTCH-dependent mechanism and may be modulated by AKT pathways via FOXO1. It is possible that there are other genes in the VEGFA transcriptome dependent on this DLL4 feed-forward loop. Furthermore, FOXO1 and NOTCH co-dependent gene regulation, in response to DLL4-NOTCH signal transduction, may be a general mechanism of gene transcription in endothelial cells, which embeds environmental and metabolic cues into the angiogenic process. DLL4-NOTCH-mediated regulation of FABP4 may be integral for its implications in cancer, angiogenesis, and metabolic disease. Furthermore, FABP4 up-regulation should be considered in mechanisms of resistance to anti-angiogenic tumor therapy, because of its pro-angiogenic features in VEGFA abundant environments. 
